The effects of mechanical wounding on membrane voltage, endogenous ion currents, and ion fluxes were investigated in primary roots of maize (Zea mays) using intracellular microelectrodes, a vibrating probe, and ion-selective electrodes. After a wedge-shaped wound was cut into the proximal elongation zone of the roots, a large inward current of approximately 60 pA Em-' was measured, together with a change in the current pattern along the root. l h e changes of the endogenous ion current were accompanied by depolarization of the membrane voltage of cortex cells up to 5 mm from the wound. Neither inhibitors of ion channels nor low temperature affected the large, wound-induced inward current. l h e fluxes of H+, K+, Ca2+, and CI-contributed only about 7 pA cm-' to the wound-induced ion current. This suggests the occurrence of a large mass flow of negatively charged molecules, such as proteins, sulfated polysaccharides, and galacturonic acids, from the wound. Natural wounding of the root cortex by developing lateral roots caused an outwardly directed current, which was clearly different in magnitude and direction from the current induced by mechanical injury.
Wounding of plant cells ánd tissues always causes bioelectric responses. For instance, cells in the vicinity of a wound become transiently depolarized (Mertz and Higinbotham, 1976; J lien et al., 1991) . This transient depolarization is frequently the first step in a chain of reactions that finally leadfto closing of the wound and regeneration. In some species there even occur wound-induced action potentials that propagate over large distances of the plant body and elicit systemic responses (Davies, 1987a; Wildon et al., 1992; Stahlberg and Cosgrove, 1994) .
Growing roots drive iodcurrents through themselves and the surrounding medium (e.g. Scott and Martin, 1962; Weisenseel et al., 1979 Weisenseel et al., , 1992 . In intact roots the endogenous current flows from the root hair zone and the proximal (basal) elongation zone to the dista1 (apical) part of the elongation zone and the root meristem. This natural current pattern changed in wounded tobacco (Nicotiana tabacum) and pea (Pisum sativum) roots, showing a strong inward current at the wound site and an outward current in the unwounded parts of the root (Miller et al., 1988; Hush and Overall, 1989; Hush et al., 1992) . The strong inward current was thought to be involved in the change of polarity occurring in cells near the wound surface, because electric fields r' / Present address: Department of Plant Sciences, University of Oxford, Oxford 0x1 3RB, UK.
* Corresponding author; fax 49-721-608-4193. are able to reorient microtubules, the nucleus, and the ER in plant cells (Hush and Overall, 1991; Stenz and Weisenseel, 1991) . Also, the ions carrying the wound-induced current could have an important role in wound healing due to specific changes of cytoplasmic ion concentrations.
At present it is not known whether the wound-induced currents found in roots of the dicots tobacco and pea are a general phenomenon and whether these currents play a role in healing and regeneration. For this reason we investigated bioelectric effects of mechanical wounding in primary roots of maize (Zea mays L.) with a three-dimensional vibrating probe, with ion-selective electrodes and intracellular microelectrodes.
Natural wounding of roots occurs during development of lateral roots when the new root ruptures the cortex. So far, a weak inward current has been measured at the site of lateral root primordia of the dicots tobacco and adzuki bean (Pkaseolus angulavis) (Miller et al., 1988; Hamada et al., 1992) . It was therefore of interest to compare these results with the development of lateral roots in the monocot maize, and also to compare the effects of natural wounding with the currents induced by mechanical injury.
MATERlALS A N D METHODS
Plant Material, Root Positioning, and Wounding A11 experiments were carried out with primary roots of maize (Zea mays L. cv Diamant, LUFA, Karlsruhe, Germany). Maize caryopses were soaked in running tap water for 24 h and then placed between two plates of Perspex (Rohm, Darmstadt, Germany), each covered with one layer of absorbent paper. The two plates were set vertically in a glass cylinder, the bottom of which was covered with APW containing 1.0 mM NaCl, 0.1 mM KC1, 0.1 mM CaCl,, and 1.0 mM Mes adjusted with Tris to pH 6.0. The plates with the seeds were exposed to room temperature and natural daylight. After 2 d the primary roots had grown to a length of 15 to 20 mm. These 2-d-old seedlings were used for measurements of endogenous currents, ion fluxes, and V, values. Mucilage on the root cap was removed with a fine brush before the measurements. For current and flux measurements the seedlings were fastened vertically into Perspex holders and transferred to a humid chamber with the Abbreviations: APW, artificial pond water; CCCP, carbonyl cyanide m-chlorophenylhydrazone; Jin, inward current density; I , , , outward current density; V,, membrane voltage (transmembrane potential).
989 Plant Physiol. Vol. 114, 1997 roots kept vertical and the tips submerged in APW up to 5 mm. After 1 to 2 h and resumption of growth, one specimen holder was transferred to a micromanipulator next to the stage of an inverted microscope, and the root of the seedling was lowered into a Petri dish containing the measurement medium. Measurements of the V, of root cells, by contrast, were conducted on horizontal roots fastened to the bottom of a Petri dish.
Wounding of the roots was carried out wjth a fine scalpel while viewing the root through a microscope. For investigations of wound-induced changes of endogenous ion current and ion fluxes a wedge of tissue large enough to partially sever the stele of the primary root was removed from the proximal elongation zone. For investigations of wound-induced effects on the V , only a single deep cut was made into the proximal elongation zone. The latter procedure shortened the time between wounding and the start of the measurements.
i
Measurements of V,,, and Endogenous Currents
The V , (transmembrane potential) of root cells was measured using conventional glass micropipettes filled with 0.1 M KC1. An Ag/AgCl half-cell was used to connect the micropipettes to an electrometer amplifier (R,,, = l O X 5 a, MSI, Munich, Germany) . An Ag/AgCl electrode in the bathing medium, placed 5 cm away from the root, served as a reference electrode. The microelectrodes were carried and advanced in 20-pm steps by a piezo-micromanipulator (PM 500-20, Frankenberger, Garching, Germany). They were inserted into cells of the three outer layers of the root cortex at various distances from the wound under microscopic observation (Axioskop, Zeiss).
The endogenous currents near the root surface were measured with a three-dimensional vibrating probe (Weisenseel et al., 1992) . This probe measures the x, y, and z components of the current and provides information about the spatial direction and total density of the current vectors (Fig. 1) . Both the vibrating probe and the reference electrode were made from insulated steel needles (SS300305A, MicroProbe, Inc., Clarksburg, MD). Balls of platinum black of 30 pm for the vibrating probe and 50 to 55 pm for the reference electrode were electroplated onto the uninsulated, gold-coated tips of the needles. Current measurements were made along the median of vertically growing roots by vibrating the probe near the root surface with a frequency of 317 Hz and an amplitude of 35 pm (for further technical details, see Weisenseel et al., 1992) . The direct current output from the lock-in amplifier (model 5204, Princeton Applied Research, EG&G, Munich, Germany) was recorded by a computer and converted to current-density vectors by a custom-made algorithm.
To position the vibrating probe along the median of the root, the root and the probe were viewed from two sides, i.e. from below with an inverted microscope (IM 35, Zeiss) and from the front with a horizontal stereomicroscope (Leitz, Wetzlar, Germany). A11 current-density vectors were plotted in a system of Cartesian coordinates in which the origin was always the site of measurement. In this system the x and y axes form the horizontal plane. Because t- the current flows mainly from proximal toward dista1 root zones, the y component of the vectors was generally small compared with their x and z components. Therefore, the y component was omitted in the graphs for the sake of clarity. Preliminary information about the ions carrying the current was obtained with the vibrating probe by an ion substitution in APW and with ion channel blockers. For these experiments the composition of the APW was changed as indicated in "Results."
Measurements of Specific lon Currents
Specific information about ionic currents was gathered with ion-selective electrodes. The flow of an ion species in an unstirred medium, e.g. in a Petri dish, is driven by two forces, the diffusional field force (or concentration gradient, ACi/Ax) and the electric field force (or potential gradient, AE/Ax). For the one-dimensional case of ion flow along the x axis, i.e. into or out of a root, the ion current density (ii) is given by the Nernst-Planck equation (compare with Plonsey and Barr, 1991): where Di is the diffusion coefficient of the ion species i, ui is its electrophoretic mobility, which is different for various ions, Ci is the average concentration of the ion species between the two positions of measurement (Ax), zi is the ion's valence, and F is the Faraday constant. To calculate , 1990; Ryan et al., 1990 Ryan et al., , 1992 Hush'et al., 1992; Arif and Newman, 1993 ) may be justified with ions of low concentration, such as H+, or in cases in which no or only a small potential gradient exists. For ions with a high bulk concentration, such as K+ or Ca2+, or in cases of strong electric fields, as expected near a wound, both field forces must be measured to obtain the true ion current density. The ion-selective electrodes for measurements of concentration gradients were made from double-barrel glass capillaries. After pulling the capillaries in two steps (PN3, Narishige Scientific Instruments Laboratory, Tokyo, Japan) to a tip with only a slightly conical shape (Kiihtreiber and Jaffe, 1990) , the tips were broken back to a diameter of about 5 pm. The reference channel was then filled with the reference electrolyte (Table I) , and the ion-selective channel was silanized with N,N-dimethyltrimethylsilylamine (Fluka). The latter channel was later filled with an electrolyte from the rear end and with the ion-selective cocktail for H+, K+, Ca2+, Table I ) from the tip to a length of 40 to 100 pm.
The ion-selective electrodes were calibrated before measurements in three to five solutions with increasing concentrations of the respective ion species. For calibration of the Ca2+ electrodes, commercial Ca2+ buffers were used (Calcium Calibration Standard kit, Molecular Probes, Eugene, OR). A problem arose with the CI--selective electrodes because the detection limit of the electrode was about 1 mM and therefore close to the bulk concentration of C1-in APW. However, since there were no interfering anions in APW, adequate calibration and measurement was possible (compare Kondo et al., 1989) . The ionselective electrodes were connected to an electrometer with R,, = 1014 R (Neurohel ID, AIZW, Jens Meyer, Munich, Germany) via a preamplifier with a gain of 10. To measure ACI Ax the ion-selective electrodes were oscillated by hand between two positions 75 and 125 pm from the root surface with a frequency of approximately 0.5 Hz using a micromanipulator (Leitz). Output signals from the electrometer were recorded on a three-channel chart recorder and on a personal computer. The data were later processed by custom-made software to yield AC/ Ax.
RESULTS

Wound-lnduced Changes of V,,,
Immediately after transfer of seedlings from the growth chamber to the measurement dish, root cortex cells had only small negative V , values of about -40 mV (data not shown). In the following hours the V , values increased and stabilized at -85 mV after 5 to 6 h, i.e. some time after growth had resumed. Wounding after this recovery phase caused a rapid and large depolarization of the V, , with a maximum next to the wound and decreasing magnitude with increasing distance from the wound (Fig. 2) . The wound-induced depolarization was followed by two phases of repolarization: first, a fast phase, which was apparent most clearly in position 1 next to the wound, and figure) , trace 2 at a distance of 1.2 mm, trace 3 at 2.1 mm, and trace 4 at 5 mm from the wound. to indicates the time of wounding and t, the beginning of measurements, i.e. 1 min after wounding. The traces are representative examples of measurements with eight different roots for positions 1 to 3, and of six roots for position 4. Roots were wounded 6 h after transfer to the measurement dish and measured in APW.
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more slowly at a rate of 8 to 10 mV h-*. 
Pos 2 (21/11)
During current measurements roots moved in slow circumnutation, but without large deflections from the vertiments. Touching this mucilage with the vibrating probe produced a large signal that suggested an inward current.
0%
. , D cal. Root caps secreted new mucilage during the measure-X -predominantly outward current was measured. This outward direction of the current became more stable with increasing distance from the root tip, so that at position 10 an exclusively outward current was found.
The average current density of the inward current at the root cap and the meristem was between 1.5 and 1.7 pA cm-2. The inward current in the distal part of the elongation zone had the highest density, with 2.7 pA cm-'. Along the main elongation zone the density of the outward current decreased from 1.5 to 1 pA cm-' near the root hair zone.
Wound-lnduced Changes of Current Pattern and Current Density
After a deep wedge was cut into the main elongation zone, a strong, inwardly directed current was measured at (Fig. 4A) . This wound-induced current had a density of more than 60 pA cm-' (Fig. 4B) . At a11 other measurement positions along the injured root, an outward current was measured most of the time. At the wounded side of the root, the current densities were always significantly higher than at the opposite side (positions 3'' 4', and 5').
The time course of current density after wounding was investigated at three different positions along the wounded side (Fig. 5) . At a11 positions the current density decreased with time and averaged less than 2 @A cmP2 within 2 h. Moreover, the current direction changed 3 h after wounding from inward to outward at position 4 and from outward to inward at position 2 (Fig. 5) .
Specific lon Currents after Wounding
Surprising results were obtained when the flow of ions that might carry the wound-induced current was investigated with ion-selective electrodes. PH microelectrodes measured a decrease in proton concentration near the wound. The pH increased from 6.0 in the bulk medium to 6.7 to 6.9 near the wound. From this pH gradient and the electric potential gradient, measured with the vibrating probe at the same site, an inwardly directed flow of protons of 0.16 pA cm-' density was calculated (Fig. 6) . During the first 2 h after wounding this H' current decreased Time after Wounding I min For Ht current, n = 22 roots; for Ca2+ current, n = 36 roots; for Kf current, n = 29 roots; and for CI-current, n = 26 roots.
to less than 0.02 pA cm-'. Immediately after wounding the pCa near the wound increased from 4.0 to 4.3, indicating an inwardly directed Ca'+ current with a density of 6.7 pA cm-' (Fig. 6 ). This Ca'+ current decreased with time after wounding. In contrast to H+ and Ca'+, the K' concentration near the wound increased to a pK of 3.55 versus a pK ' of 4.0 in the bulk medium. From this concentration gradient and the electrical gradient, a K' current of 19 /.LA cm-' flowing out of the wound was calculated. After 2 h this K+ current decreased to less than 1 pA cm-' (Fig. 6) . As with K+, the C1-concentration near the wound increased and a C1-efflux of 202 pmol cm-'s-' was measured. Because of the negative charge of C1-ions this efflux corresponds to an inward current of 19.5 pA cm-' (Fig. 6) . This C1-current decreased to less than 1 pA cm-' within 1 h. Figure 7 shows the algebraic sum of the ion currents of H+, Ca'+, K+, and C1-and the total current density measured with the vibrating probe. There was a large discrepancy in the current densities near the wound reported by the two methods, in particular during the first minutes after wounding, when the probe measured current densities of more than 60 pA cm-' but the sum of the individual ion currents was only about 7 pA cm-' of inward current.
To elucidate this surprising result, another method to obtain information about the ions that might carry the wound-induced current was used, i.e. ion channel blockers and ion pump inhibitors were added to the medium, and the ion concentrations of the medium were changed. As inhibitors for Ca'+ currents, the Ca'+ channel blockers La3+, Gd3+, and verapamil were used, whereas tetraethylammonium chloride (a K+ channel blocker) and ethacrynic acid (a blocker for C1-channels) were used to stop the K+ and C1-currents, respectively. None of these inhibitors had a significant effect on the inward current density measured with the vibrating probe near the wound (Table 11) . Moreover, neither the addition of EGTA to the medium nor the variation of the pH had a significant effect on the wound-induced current. Similar results were obtained when we measured the effects of ion pump inhibitors on the wound-induced outward current, which was expected to be the active limb of the current loop (Table 111 ). The addition of the ATPase inhibitors ruthenium red, vanadate, or erythrosin B did not affect the outward current density. Complete remova1 of Ca2+ from the medium, a change of the pH, or the addition of the uncoupler CCCP did not cause any change in the current density or current direction of the outward current after wounding.
A physical method to inhibit wound-induced currents was also tried, i.e. lowering the temperature of the bathing medium to 4°C. Even at this low temperature the current density of the inward current near the wound was very large. However, the maximum of current density was de- layed by about 30 min after wounding (Fig. 8, position 4) . Afterward, the current density decreased more slowly than at 2 1 T , so that 4 h after wounding there was still a considerable inward current at the wound. Unwounded regions adjacent to the wound showed the usual outward current of 8 to 10 p A cm-' at first (Fig. 8 , positions 2 and 6). The outward current then decreased to less than 1 pA cmP2 within 4 h after wounding. No change of current direction was observed at 4°C 3 h after wounding. Close microscopic observation of the wound with highmagnification objectives revealed that translucent, probably high-molecular-weight material emanated from the wound for up to 60 min after wounding. This finding prompted a further set of experiments. Immediately after wounding, the wound was covered with petroleum jelly. Subsequent current measurements showed a nearly zero current at the wound (Fig. 9, position 4) . On both sides of the wound, an inward current with a density between 0.7 and 1.9 pA cm-' was measured (Fig. 9, positions 2, 3 , 5, and 6). At another measurement site 2 mm below the wound (position l), the vibrating probe measured a weak outward current with a density of approximately 0.2 pA cm-'. Thus, covering of the wound had a drastic effect on the current density and current pattern of wounded roots.
Endogenous Currents Associated with Development of
Lateral Roots
About 6-d-old primary roots of maize started to develop lateral roots. These were first noticed as little bulges on the epidermis before the overlying tissues of the roots ruptured and the lateral roots emerged. Figure 10 illustrates Plant Physiol. Vol. 114, 1997 the direction and density of endogenous currents in the different stages of lateral root development. Currents appeared first with bulging of the surface. The current above the bulges and at the tip of young lateral roots was always directed in an outward position (Fig. 10, positions 2 and 4) . The highest current density of 2.1 pA cm-' was found above the bulges immediately before breakthrough of the lateral root. After the new root had surfaced, the current density decreased to 1.5 pA cm-'. With the increasing length of the lateral root, the current density at its tip decreased to less than 0.5 pA cm-2 (Fig. 10, position 5) . Whereas root regions apical to the zone of lateral root development showed a weak outward current, areas between young lateral roots always had an inward current of approximately 0.4 pA cm-' (Fig. 10, position 3) .
Dl SCUSSION
Wound-lnduced Changes of V,,,
Wounding of primary roots of maize caused a rapid depolarization of V , that was followed by repolarization lasting for several hours. The magnitude and the time course of this V , change corresponds well with results of measurements at the cutting face of root or epicotyl segments of other plant species (Lin and Hanson, 1974; Mertz and Higinbotham, 1976; Pierce and Hendrix, 1981) . The propagation of the wound-induced depolarization up to 5 mm from the site of injury is more distant in maize roots than in roots of barley (Hordeum vulgare) , where depolarization was measured only up to 1 mm from the site of injury (Mertz and Higinbotham, 1976) . However, the distance is much smaller in roots generally than in stems, where distances of up to 35 mm were recorded (Stahlberg and Cosgrove, 1994) .
Three different mechanisms have been suggested for the propagation of wound-induced depolarization. First, in hypocotyls of Bidens pilosa, Frachisse-Stoilskovic and Julien (1993) suggest that the opening of the symplast and the electrical coupling of the cells may be the main cause of the spreading of depolarization. Second, a propagating inactivation of the plasma membrane H+-ATPase up to several millimeters from the wound was suggested by Starrach et al. (1984) and Stahlberg and Cosgrove (1994) . Third, wounding or mechanical stress was suggested to stimulate a depolarizing efflux of potassium ions into the. apoplast (Gronewald and Hanson, 1980; Davies, 1987a, 198%; Ries et al., 1994 ). An average K+ concentration in the apoplast of maize root segments of 230 mM was actually measured by Canny and Huang (1993) . Such a high concentration of K+ in the apoplast would depolarize the plasma membranes and explain both the depolarized V , after handling and the depolarization after wounding of maize roots. The time needed for repolarization of V , will then depend on the rate of K+ loss from the apoplast to the medium. Loss of K+ from the apoplast to the medium would also explain the large K+ efflux found in mechanically injured maize roots during this investigation.
Wound-lnduced Changes of Endogenous Current and lon Fluxes
When primary roots of maize grow vertically in an aqueous medium, an endogenous current leaves the proximal elongation zone and the root hair zone and enters the dista1 elongation zone and the meristem. This current pattern compares well with previous measurements of maize roots and roots of about 20 other species (Hush and Overall, 1989; Miller and Gow, 1989a, 198913; Collings et al., 1992;  . Weisenseel et al., 1992) . The fact that the current densities measured in our study were generally larger than those measured by Miller and Gow (1989b) and Collings et al. (1992) with maize roots can be explained by two factors. First, the use of a three-dimensional recording probe mea-, sures the true current density much better than one-or two-dimensional probes, which record only part of the current-density vectors. Second, different maize varieties always show different growth rates, different responses to gravity, and different current densities when immersed in an aqueous medium (Hoson et al., 1996; A.J. Meyer, unpublished results) .
Mechanical wounding of primary roots of maize caused a strong inward current at the site of injury. The density of this inward current was more than 60 pA cm-', i.e. 30 to 60 times larger than the current density of intact roots. Similar densities of wound-induced currents have been reported for roots of pea by Hush and Overall (1989) . Hush and Overall (1989) and Hush et al. (1992) assumed that a major part of this large wound-induced current is caused by the inflow of positive ions into the cells bordering the wound and by the outflow of positive ions in the unwounded regions. Our measurements of the increased outward current in the unwounded regions of pea (data not shown) and maize roots seem to support this interpretation. From our further experiments with wounded maize roots, however, the interpretation that wound-induced currents are mainly inflow of positive ions becomes doubtful for the following reasons: (a) The wound-induced inward current of pea roots depolarized the plasma membrane of root cells very rapidly, i.e. at a rate of 28 mV s-l (Hush et al., 1992) . However, the wound-induced current always lasted much longer than the depolarization of V , near the wound. (b)
The endogenous outward current of intact roots is driven by ATPases in the plasma membrane (compare Raven, 1991; Weisenseel et al., 1992) . This is also to be expected for the outward current of injured roots. Since the activity of the plasma membrane H+-ATPase is 2 to 3 orders of magnitude larger than that of the plasma membrane Ca2+-ATPase (Serrano, 1990) , the large outward current in unwounded areas of injured roots should be mainly a H+ current. However, the pH pattern along wounded roots placed on the surface of agar containing the pH indicator bromocresol purple gave no indication of an increased H + efflux in unwounded regions (data not shown). (c) When the Ca2+-and H+-ATPases of the plasma membrane were blocked by vanadate or erythrosin B or ruthenium red (compare Kurkdijan and Guern, 1989; Evans et al., 1991; Chanson, 1993) , almost no change in the outward current density was observed in the unwounded parts of the root. The same was true for roots cooled to 4°C and for roots submerged in CCCP-containing medium.
On the other hand, we found some indication of an outflow of high-molecular-weight solutes from the wound. If we assume that such a release of solutes contains multiple negatively charged polyelectrolytes such as proteins, sulfated polysaccharides, and galacturonic acids, this outflow would be equivalent to a large inward current. The vibrating probe would then not only report the electric potential from the flow of small ions, but would also report electric potentials from diffusion of large negative ions and integrate both to an apparent strong inward current. Will such flow of charged molecules last long enough? After wounding roots, including the endodermis, showed that the pressure in the stele decreased strongly but remained positive. The reason for this residual pressure was a prolonged, enhanced uptake of ions in the unwounded parts of the root. The remaining pressure was always high enough to drive a mass flow of metabolites for at least 2 h. It is also known that low temperature slows the synthesis of callose and suberin, both of which are used by plants to close wounds. This probably explains why the apparent inward current at the wound of maize roots lasted longer at 4°C than at 21°C.
Our hypothesis, invoking pressure-driven outflow of negatively charged molecules as a major component of the measured inward current in wounded maize roots, also explains why the wound-induced current could not be blocked by ion channel inhibitors. However, in pea roots a 50% reduction of the inward current was found by La3+ or Gd3+ (Hush and Overall, 1989) . The reason for this discrepancy is not known. A mass flow of cytoplasm from opened phloem and immature xylem would also explain the Ca2+ and H+ gradients measured near the wound. Since the cytoplasm contains a large amount of calcium buffers, their outflow would decrease the concentration of free Ca2+ in the medium near the wound. Because the cytoplasm is also well buffered to a pH between 7.0 and 7.5 (Felle, 1988) , an increase in the pH of the APW is expected when plasma flows out into the medium.
Endogenous Currents during Development of Lateral Roots
The increasing pressure on the surrounding tissue exerted by growing root primordia finally forces the cells of the root cortex and the epidermis to separate, forming a longitudinal slit through which the lateral roots emerge (Peterson and Moon, 1993) . Although the root cortex ruptures during this process, the direction and magnitude of the current were different from the direction and magnitude of the current induced by mechanical wounding. In maize roots a small outward current was always measured at the site where lateral roots broke through. Development of lateral roots in tobacco and adzuki bean (Phaseolus angularis) is also associated with an endogenous current, but an inward current was measured in these species (Miller et al., 1988; Hamada et al., 1992) . The reason for this difference in the current direction, which was confirmed by our own measurements (data not shown), is unclear but may be related to generic differences. Nevertheless, the results clearly show that the current associated with lateral root development is not accompanied by the outflow of electrically charged molecules and buffers, as is most likely the case with mechanical wounding.
